Background: Pigeonpea is ranked as the sixth largest grain legume produced by volume and as such is a major global food crop for livestock and human consumption. We show that pigeonpea contains a number of flavonoids and report their distribution and concentration within different parts of the plant. Findings: There are a total of 27 flavonoids reported in the literature representing seven flavonoid classes. We found no published evidence of flavanols (catechins/flavan-3-ols) or aurones reported from pigeonpea, nor any study of the flavonoids from pigeonpea flowers. Conclusions: Despite over 40 years of research in to various aspects of pigeonpea we identified research gaps related to the phytochemical properties of pigeonpea. We explain how addressing these gaps could help to realise the full potential of pigeonpea in agricultural production.
Introduction
Flavonoids are a large group of polyphenolic compounds produced by plants and play important roles within various organs to maintain plant health, development and growth (Falcone Ferreyra et al. 2012) . Flavonoids can function as phytoalexins, photoprotectors, and in Leguminosae, nod inducers for nitrogen-fixing bacteria. Flavonoids have been shown to affect the feeding behaviour of invertebrate pest species (Green et al. 2003) and flavonoid profiles have also been used in plant chemotaxonomy to elucidate phylogenetic relationships (Emerenciano et al. 2001) . Profiling flavonoids has also enabled the validation of the floral origin of honey (Tomas-Barberan et al. 2001 ) and the ability to identify varieties of sorghum (Dykes et al. 2009 ).
Pigeonpea, Cajanus cajan, [(L.) Millspaugh] is a perennial legume (subfamily Papilionoideae) grown in many developing countries in the semi-arid tropics and subtropics . Cajanas cajan is the sole crop from the subtribe Cajaninae (tribe Phaseoleae). The genus Cajanus is comprised of 34 species, of which 17 are from Australia (15 endemic) with most of the remaining species found on the Indian subcontinent (Van der Maesen 1985 , 2003 . Often cultivated as an annual ), pigeonpea is a major grain legume crop ranked sixth in area and production globally (Fu et al. 2008) . It is an important source of protein in human diets used in dhal and as a green vegetable (Saxena 2010; Singh et al. 1984) . Dried seeds of pigeonpea are also crushed and used for animal feed (Fu et al. 2008) , and more recently transgenic varieties of pigeonpea have enabled the delivery of protective antigens through fodder for livestock (Satyavathi et al. 2003) . Pigeonpea is also used as a mandated refuge crop in Australian cotton production to help reduce the likelihood of Helicoverpa species developing resistance to Bt cotton (Baker and Tann 2013) .
Mounting evidence on the biological activities of flavonoids has increased interest in the possible applications of these compounds in medicine and plant/agricultural sciences. Concurrently, with advances in extraction methods (e.g. microwave-assisted, enzyme-assisted, ultrasonic) and detection using high performance liquid chromatography (HPLC) (Chen et al. 2011) , there has been an increase in the ability of researchers to identify flavonoids present in plant material. In this paper we distil all known information on the flavonoid profile of pigeonpea, to facilitate further explorations on the chemical ecology of this species and possible interactions with Helicoverpa armigera.
Flavonoids of pigeonpea: within-plant distribution and function
Flavonoids are found throughout various plant organs in pigeonpea. The biological activities of the flavonoid classes ( Figure 1 ) and their roles in plant defence may be indicative of their distribution throughout the plant (Falcone Ferreyra et al. 2012) . A total of 27 flavonoids have been identified, consisting of six flavones, eight isoflavones, four flavonols, two anthocyanins, three flavanones, three isoflavanones and a single chalcone (Table 1) .
Leaves
Pigeonpea leaves are the richest flavonoid containing organ in the plant and are reported to contain six flavones, two isoflavones, two flavonols, two flavanones, an isoflavanone and the single chalcone.
Leaves are the only part of pigeonpea that are recorded as containing flavones which is likely linked to their role in photoprotection against UV irradiation as has been observed in a number of other plant species (Julkunen-Tiitto et al. 2014) . The effects of UV application on post-harvest pigeonpea leaves demonstrated that orientin, luteolin, apigenin and apigenin-6,8-di-C-α-ι-arabinopyranoside all increased in concentration in response to varying levels of UV exposure post-harvest compared to the control, i.e. no post-harvest UV exposure (Edwards et al. 2008; Wei et al. 2013b) .
Orientin and vitexin are among the most abundant flavonoids in pigeonpea leaves with reported concentrations of 18.82 mg/g and 21.03 mg/g respectively (Wu et al. 2009 ). With the exceptions of the flavanone, pinostrobin and the anthocyanin, chrysanthemin the concentration of other flavonoids from pigeonpea are variable and typically less than 1 mg/g (Table 2 ).
Biochanin A and formononetin (also known as biochanin B) are the only isoflavones reported from leaves (Wei et al. 2013a) . Isoflavonoids are frequently reported as phytoalexins and are important components in plant defence (Dahiya et al. 1984; Marley and Hillocks 2002; Dahiya 1987) . Formononetin has been shown to act as a phytoalexin in the etiolated stems of C. cajan, and its primary role may be as a precursor to the primary antifungal compound, the isoflavanone cajanol (Ingham 1976 ). Pinostrobin chalcone is the sole chalcone described from pigeonpea and its occurrence is only reported from the leaves which were challenged with the necrotic fungus Botrytis cinerea (Cooksey et al. 1982) ; it is also hypothesized to play a role in photo-protection (Wei et al. 2013b ). 
Roots, seedling stems and seed
The roots, stem and seed of pigeonpea almost exclusively contain isoflavonoids. The exception is the flavanone, cajaflavanone which has been reported from the roots (Bhanumati et al. 1978; Dahiya 1991) . The isoflavones formononentin, genistein, 2′-hydroxygenistein and cajanin, and the isoflavanone cajanol were isolated from etiolated stems of pigeonpea inoculated with the fungus H. carbonum while being restricted to trace levels in uninfected plants (Ingham 1976) . Cajanol was found to be the primary antifungal compound produced by pigeonpea when tested against different fungal pathogens (Ingham 1976; Marley and Hillocks 2002) . The isoflavanone cajanone was also shown to inhibit the growth of the pigeonpea wilt pathogen Fusarium oxysporum (Preston 1977) . Investigating the accumulation of phytoalexins showed the presence of cajanol, cajanin, isoprenylated genistein and an unidentified isoflavonoid phytoalexin in pigeon pea after seedlings had been stressed with silver nitrate solution and subjecting them to dark conditions. No phytoalexins were present in stressed seedlings exposed to light (Dahiya 1987) .
The isoflavanone cajanone and the flavanone, cajaflavanone have been isolated from root exudates and shown to be responsible for nitrogen nodulation (Dahiya 1991) .
Pigeonpea seeds have received little attention. However, seeds that had been soaked, then sliced and incubated under non-sterile conditions accumulated the phytoalexins cajanol, cajanin and two unidentified isoprenylated flavones (Dahiya et al. 1984) .
Compounds identified from the surface of pods included three flavonoids, the flavonols quercetin, isoquercitrin (quercetin-3-glucoside) and quercetin 3-methyl ether, and the stilbene, cajaninstilbene acid (CSA). Behavioural studies of larvae of the agricultural pest, Helicoverpa armigera demonstrated quercetin 3-methyl ether increased their feeding behaviour while CSA was found to be a feeding deterrent. Pod-boring-resistant cultivars were found to have a higher ratio of CSA to quercetin 3-methyl ether, along with an increase in isoquercitrin and an absence of quercetin on the pod surface, when compared to the commonly cultivated susceptible varieties (Green et al. 2003) .
Flavonoid glycosides have received significant attention in health research due to their antioxidant and anticancer properties (March et al. 2006) . Pigeonpea contains vitexin and isovitexin, two flavone C-glucosides known to possess antimicrobial effects (Agnese et al. 2001) . Orientin, another flavone C-glucoside from pigeonpea, has been shown to possess higher antioxidant activities and more efficient free radical scavenging abilities than vitexin (Wu et al. 2009 ). Luteolin is a flavone found in high concentration in pigeonpea leaves ) and exhibits a number of pharmacological properties (Lee et al. 2002; Kimata et al. 2000; Perez-Garcia et al. 2000) .
There have not been any reports of flavonoid compounds from pigeonpea flowers to date.
Conclusions
The literature about pigeonpea flavonoids spans almost 40 years. However, there are relatively few published studies and from these we presented a total of 27 flavonoids across seven classes. Despite the importance of pigeonpea as an economic crop for both human and animal nutrition, we show here that the knowledge of flavonoids from pigeonpea and their potential application is largely undeveloped. In particular, there is limited understanding of how the flavonoid profile of pigeonpea affects interactions with insect pest species. For example, cultivated varieties of pigeonpea are susceptible to pod-boring insects, such as Helicoverpa armigera, a major agricultural pest, which feed on all plant parts including the seed (Jadhav et al. 2012 ). However, despite flavonoids being found in the seeds of most plants and coloured flowers, we could only find one published study of flavonoids in pigeonpea seed and none reporting flavonoids from flowers. Based on evidence that suggests specific flavonoids on the surface of the pods affect feeding behaviour (Green et al. 2003) we suggest extending research to include analysis, detection and measurement of the levels of these compounds in all plant parts (particularly flowers). This could be useful to develop varieties of pigeonpea that have increased resistance to pests such as Helicoverpa thereby maximising yields.
We suggest that further work exploiting the advances in technology used to isolate, characterise and quantify flavonoids could be applied to enhance plant breeding and allow the agricultural production potential of pigeonpea to be realised.
